The extracellular matrix (ECM) of skeletal muscle is critical for force transmission and for the passive elastic response of skeletal muscle. Structural, biochemical, cellular, and functional changes in skeletal muscle ECM contribute to the deterioration in muscle mechanical properties with aging. Structural changes include an increase in the collagen concentration, a change in the elastic fiber system, and an increase in fat infiltration of skeletal muscle. Biochemical changes include a decreased turnover of collagen with potential accumulation of enzymatically mediated collagen cross-links and a buildup of advanced glycation end-product cross-links. Altered mechanotransduction, poorer activation of satellite cells, poorer chemotactic and delayed inflammatory responses, and a change in modulators of the ECM are important cellular changes. It is possible that the structural and biochemical changes in skeletal muscle ECM contribute to the increased stiffness and impairment in force generated by the contracting muscle fibers seen with aging. The cellular interactions provide and potentially coordinate an adaptation to mechanical loading and ensure successful regeneration after muscle injury. Some of the changes in skeletal muscle ECM with aging may be preventable with resistance or weight training, but it is clear that more human studies are needed on the topic.
Muscle mechanical properties deteriorate with normal aging, which contributes to the loss of function and independence in the elderly (Trappe, 2009) . The deterioration in muscle mechanical properties is mainly due to a loss of muscle mass and thus of contractile muscle proteins, but the disproportionate larger loss of muscle strength relative to the loss in muscle size suggests that other mechanisms are also involved (Trappe, 2009 ). While it is likely to be a combination of factors, reviewed recently (Narici & Maffulli, 2010) , it is feasible that changes in skeletal muscle extracellular matrix (ECM) also contribute (Trappe, 2009) .
The ECM of skeletal muscle is organized into three interconnecting layers: the epimysium surrounding the entire muscle, the perimysium dividing the fascicles within the muscle, and the endomysium surrounding the individual muscle fibers (Borg & Caulfield, 1980) . The matrix of all three layers consists primarily of collagenous proteins structured by cross-linking molecules, together with a host of other connective tissue proteins such as elastic fibers, proteoglycans, and different cell types (Trappe, 2009; Narici & Maffulli, 2010) . Skeletal muscle ECM is critical for the transmission of force and for the passive elastic response of skeletal muscle, and the structure, biochemical properties, and function of this ECM network demonstrate a dynamic balance among deposition, remodeling, and degradation, particularly in response to mechanical loading (Huijing, 1999; Kjaer, 2004) .
The possibility of how muscle ECM could be involved in the age-associated deterioration of skeletal muscle is not clear. A better understanding of these processes could contribute to better preventive measures against deterioration in muscle mechanical properties in the elderly. Despite the importance of the ECM network of the muscle, relatively little information is available on changes in muscle ECM in humans. The majority of the work has been performed in animals, and where similar investigations in humans exist, discrepancies in the outcomes are often present. In light of this, it is clear that there is a pressing need for studies documenting changes to human muscle ECM with aging and, as an extension of this, to what extent exercise can ameliorate unfavorable changes. It is the purpose of this article to review what is reported in the literature on the structural, biochemical, cellular, and functional changes of skeletal muscle ECM with aging, with a particular focus on the collagen component of the ECM, and to identify areas where human evidence in particular is lacking.
Structural changes of muscle ECM with aging
The structural changes in skeletal muscle ECM with aging have primarily been investigated in the main collagenous interstitial component of the ECM.
Methodology
Collagen content of skeletal muscle has been evaluated with the aid of a wide variety of analytical methods, which makes direct comparisons between these studies problematic. To provide another layer of complexity, there are, to date, 28 recognized subtypes of collagen (Gordon & Hahn, 2009) , with types I, III, IV, and VI representing the most-studied collagen types in skeletal muscle. In general, the two most common methods to measure collagen content are semiquantitative microscopic assessment of stained muscle cross-sections or a more quantitative biochemical measurement of the content of hydroxyproline. The latter takes advantage of the repeating triplet amino acid sequence of the triple helical structure of collagen, where hydroxyproline often occupies every third residue. However, it is likely that the fibrillar types I and III, with long stretches of uninterrupted triple helix, contain a proportionately higher amount of hydroxyproline than the non-fibrillar type VI collagen, which comprised much shorter triple helical regions. In light of this, it is important to consider the relative contribution of each collagen subtype to the tissue structure when hydroxyproline is used as a measure of collagen content. The microscopic approach requires staining of the collagen component, which can be performed in many ways. Standard histological staining techniques, such as hematoxylin and eosin, picrosirius red, and Gomori's silver impregnation, have all been used where the different chemicals stain the different collagen types in a different manner, although it is likely that type I collagen accounts for most of the collagen observed. Doubt exists, however, as to the specificity of these stains for collagen alone and indeed which collagen types or maturity level are most clearly visible by regular light microscopy, as opposed to polarized light, appears to be somewhat unclear. Further specificity with regard to single collagen types has been achieved by immunohistochemical staining with antibodies specific for collagen types I, III, IV, V, or VI, providing that the antibodies are reliable. Analysis of histological or immunohistochemical staining usually involves capturing images of selected regions (with or without perimysium), which are subjected to computer-generated quantification of the proportion of pixels in the image demonstrating positive staining. While it is impossible to compare the results from such different methods, some general patterns do appear, with the stronger evidence from studies employing several of these methods in the same muscle samples.
Collagen content
Based on a histological analysis of hematoxylin and eosin-stained sections, an early human study (Inokuchi et al., 1975) found that the collagen content of a nonlimb muscle, the rectus abdominis, increases with age, peaking in men in their 50s and declining thereafter (measured in individuals up to 80 years of age). A gender difference was, however, evident as no decline with advancing age was observed in the female samples studied. Several studies of animals (Mohan & Radha, 1980; Alnaqeeb et al., 1984; Kovanen et al., 1987; Zimmerman et al., 1993; Gosselin et al., 1998; Hindle et al., 2009; Ramaswamy et al., 2011) have later shown though that the collagen content of limb skeletal muscle if anything increases with age. Rats considered old in these studies were at least 24 months of age, which corresponds to around 60 human years (Pass & Freeth, 1993) . Histological approaches evaluating collagen on cryosections in these studies include picrosirius red (Alnaqeeb et al., 1984; Hindle et al., 2009; Ramaswamy et al., 2011 ), Gomori's silver impregnation (Kovanen et al., 1987) , and immunohistochemistry (Kovanen et al., 1987; Hindle et al., 2009; Ramaswamy et al., 2011) , while collagen concentration measured as hydroxyproline content of muscle homogenate was used by Alnaqeeb et al. (1984) , Gosselin et al. (1998) , Mohan and Radha (1980) , and Zimmerman et al. (1993) . Collagen concentration measured as the concentration of hydroxyproline in whole muscle was observed to be in the region of 30% greater in old rats compared with middle-aged rats (Alnaqeeb et al., 1984; Zimmerman et al., 1993) . The area staining positive for picrosirius red relative to the total cross-sectional area observed by histology has been reported to be more than fivefold increased in very old rats (36-38 months) compared with the 3-month-old young rats (Ramaswamy et al., 2011) . Alnaqeeb et al. (1984) studied rats of many different ages and analyzed the collagen level in the skeletal muscle of these rats also by picrosirius red histology, absolute collagen content, and collagen concentration (collagen weight measured as hydroxyproline per muscle weight). The increase in picrosirius red staining was observed between 277-day-old and 508-day-old rats and 508-day-old and 758-day-old rats (Alnaqeeb et al., 1984) . Interestingly, the absolute collagen content was unchanged between the 188-day-old and the 299-dayold rats, whereas it was reported to increase in senility, while collagen concentration decreased between 188-day-old and 299-day-old rats and then increased again in senility to a level just above that of the 188-day-old rats (Alnaqeeb et al., 1984) . The initial decrease in collagen concentration, together with the unchanged absolute collagen content, could be explained by an increase in the size of the muscle fibers between the 188-day-old and the 299-day-old rats. The subsequent increase in both collagen concentration and absolute collagen content suggest, however, that the amount of collagen between the 288-day-old and the senile rats had increased rather than a decrease in the size of the muscle fibers (Alnaqeeb et al., 1984) . A weakness to this theory is that the absolute collagen content measured was from both muscle and tendon, thereby limiting the possibility to draw conclusions directly about skeletal muscle alone. Alnaqeeb et al. (1984) further demonstrated that the increase in collagen levels of skeletal muscle occurs in both the endomysium and the perimysium. One study indicates that the increase in collagen concentration with aging may depend on muscle fiber type, with slow-twitch fibers being most affected (Zimmerman et al., 1993) . Gao et al. (2008) studied the epimysium alone by scanning electron microscopy and found no differences between young and old rats in the ultrastructure and thickness of the epimysium or size of the collagen fibrils. In contrast to most of the animal studies, it was demonstrated in humans that intramuscular endomysial collagen, measured as hydroxyproline concentration, was unchanged with age (Babraj et al., 2005; Haus et al., 2007) . The reason for this discrepancy is not clear, but it may be related to the different portions of muscle studied. The human studies used muscle biopsies containing primarily endomysial collagen with limited amounts of perimysium and no epimysium, while most of the animal studies used excised whole muscles containing all ECM layers. Taking the animal studies together, it appears that there may be an increase in the collagen content of skeletal muscle with aging. However, it is clear that further work is required to establish whether such a change occurs in humans and in which structural connective tissue layer of the muscle this change occurs. Variation in the perimysium is greater than variation in endomysium and thus is the main ECM contributor to differences in muscle mechanical properties (Purslow, 2001) . Whereas the endomysium is crucial for force transmission between muscle fibers, the function of the perimysium is thought to be the coordination of shape change in muscle contraction (Purslow, 2002) , and a reduction in this capacity may contribute to the deterioration in muscle mechanical properties with aging.
Aging or reduced activity?
One of the difficulties in studying the effects of aging is the role that inactivity plays in altering the outcome measures. Because older individuals are generally more inactive than younger counterparts, it is often difficult to discern which effects can be attributed to aging per se and which are simply due to altered activity levels (Lazarus & Harridge, 2007) . In animals though, two studies (Zimmerman et al., 1993; Gosselin et al., 1998) have demonstrated that exercise training did not prevent the rise in total muscle collagen level shown with aging, while another study (Kovanen et al., 1987) found that trained senile rats in fact had higher concentrations of muscle collagen than the untrained senile rats. These studies indicate that the increase in ECM seen with aging is not just a result of decreasing exercise activity with aging. The role of exercise on ECM quality and extent of cross-linking with age, however, remains to be evaluated.
Injury
One situation in which there undoubtedly is an accumulation of endomysial connective tissue in humans and in rodents is following muscle injury (Mackey et al., 2004; Brack et al., 2007) , a feature that is usually resolved as the muscle regenerates. It has shown that existing collagen structures around individual damaged fibers are preserved and that considerable collagen remodeling takes place (Koskinen et al., 2002 ). It appears thus that remodeling of existing collagen can be accompanied by fibrosis in cases of severe injury, but that effective resolution of fibrosis is required for restoration of muscle mechanical properties to the pre-injury state. In the context of aging muscle, it is possible that incomplete repair with repeated cycles of injury may accumulate and contribute to sarcopenia. Human data on this topic are limited, but recent observations of extensive evidence of ECM remodeling in the skeletal muscle of young healthy men, 30 days after injury, associated with a sustained elevation in numbers of macrophages and satellite cells (Mackey et al., 2011) , suggest a combined contribution of the ECM cells and their environment to muscle regeneration. Future efforts to investigate the potential for a role for the ECM in the progression of sarcopenia could prove insightful.
Elastic fibers
Little information is available with regard to ECM components other than collagen, although elastic fibers have been the topic of a single study (Rodrigues & Rodrigues Junior, 2000) where it was suggested that the density of mature elastic fibers in animals shows a progressive increase with age, whereas the amount of resistant oxytalan fibers decreases. The age-related changes of the elastic fiber system promote elasticity and reduce resistance. This could expose the collagen of skeletal muscle to deformation or rupturing, which may compromise the transmission of tensile muscle strength to the tendons. The change in the elastic fiber system promoting elasticity seems to contradict the stiffening effect of the changes in collagen. However, it should be noted that the study by Rodrigues and Rodrigues Junior (2000) is based on microscopic evaluations of tissue sections, and further studies on the elastic component of muscle ECM are clearly required before conclusions can be drawn on the contribution to muscle function with aging.
Fat infiltration
Another structural change in the skeletal muscle ECM with aging is fat infiltration, known as myosteatosis (Harridge et al., 1999; Baumgartner, 2000; Kent-Braun et al., 2000; Taaffe et al., 2009) . Kent-Braun et al. (2000) found that the non-contractile area in leg anterior compartment in older subjects was about 15% and was approximately 2.5-fold larger than in young subjects. Taaffe et al. (2009) found that detraining in elderly humans was accompanied by an increase in the amount of skeletal muscle fat infiltration with a concomitant decrease in strength and that these changes could be reversed with retraining. What role the fat infiltration seen with detraining in elderly humans plays in muscle mechanical properties is unknown. It might be due to cytokines and chemokines secreted from the infiltrating adipocytes. Adipose tissue can thus favor a state of inflammation where both adipocytes and resident macrophages contribute with pro-inflammatory cytokines (interleukin (IL)-1, IL-6, and tumor necrosis factoralpha) and chemokines (monocyte chemotactic protein-1/chemokine (C-C motif) ligand 2) (Neels & Olefsky, 2006) . High levels of IL-6, for example, have been found to be associated with loss of muscle strength but not sarcopenia (Schaap et al., 2006) .
Biochemical changes in ECM of aging skeletal muscle
The most evident biochemical changes of the skeletal muscle ECM with aging are related to collagen fiber biosynthesis, degradation rates of the different collagen types, and the formation of collagen cross-links.
Collagen subtypes
The collagen types found in skeletal muscle are numerous, and the importance of the individual collagens is clearly evident where mutations in specific collagen types, for example, collagen type VI, occur, even manifesting as myopathies (Myllyharju & Kivirikko, 2004) . In addition to disease, exercise and aging have also been observed to result in changes in levels of specific collagen types. In a small group of healthy young individuals, indices of endurance capacity were negatively associated with endomysial content of collagen type III and basement membrane collagen type IV (Mackey et al., 2005) . It has been reported that the relative proportion of type I collagen increased and that of type III collagen decreased with age in animals, as measured by immunohistochemical staining (Kovanen & Suominen, 1989; Hindle et al., 2009 ). This decrease of type III collagen with age was also reported by Goldspink et al. (1994) using in situ hybridization. Furthermore, a recent study by Ramaswamy et al. (2011) found a thickened basal lamina using electron microscopy with increased immunoreactivity for collagen IV and laminin. The various isoforms of collagen have varying strength and functional characteristics (Kjaer, 2004) , and thus alterations in the collagen network may very likely contribute to the deterioration in muscle mechanical properties seen with aging. Further study on this topic is required though to understand the significance of changed proportions of collagen subtypes for muscle mechanical properties with aging.
Collagen synthesis
Collagen synthesis has generally been investigated by measuring mRNA expression of specific collagen types, levels of enzymes involved in collagen synthesis, or using the flooding-dose method. The in situ hybridization measure of mRNA is a measure of tissue distribution of collagen gene expression. The flooding dose method is a measure of the collagen synthesis rate measuring the incorporation of isotope-labeled amino acids in body tissues (Laurent, 1982) . Kovanen and Suominen (1989) indirectly described an unchanged synthesis of collagen with senescence by looking at the activity of collagen biosynthesis enzymes in animal skeletal muscle. However, Goldspink et al. (1994) found an age-related decline in collagen expression in animal skeletal muscle using in situ hybridization, a finding that was supported by others (Mays et al., 1991 ) using a flooding-dose method to study collagen turnover in rat tissues. In contrast to the animal studies, a single human study (Babraj et al., 2005) has shown that the rate of skeletal muscle collagen synthesis is greater in elderly men than in young, when using a flooding-dose method to determine collagen synthesis. The animal and human data are thus conflicting. The animal studies (Mays et al., 1991; Goldspink et al., 1994 ) suggest a decreased collagen synthesis with age, while the only human study (Babraj et al., 2005) that has studied collagen protein synthesis with aging suggests an increased collagen synthesis.
Interventions: feeding, mechanical loading, and hormones
In an investigation of the effect of feeding on muscle collagen synthesis, Babraj et al. (2005) demonstrated that the rates of collagen synthesis remained at postabsorptive values after nutrition provision. The feeding regime consisted of the ingestion of 20 g of an essential amino acids solution during insulin clamping, and muscle biopsies were taken before and 3 h after the start of the study. This suggests that skeletal muscle collagen synthesis is not regulated by feeding, which is in contrast to the stimulating effect that nutrition has on myofibrillar protein synthesis in skeletal muscle (Babraj et al., 2005) . It does not appear that nutritional supplementation can be used as a countermeasure to the biochemical changes of skeletal muscle ECM with aging. A recent study (Heinemeier et al., 2009 ) investigating the role of loading on muscle and tendon ECM in rats reported that unloading of muscle tissue does not reduce gene expression levels of collagen or collagen-inducing growth factors, whereas loading resulted in enhanced collagen gene expression levels. In addition to this, Kovanen and Suominen (1989) found that muscle collagen synthesis was higher for older trained rats when compared with older untrained rats. Human data are sparse, but a recent study in young men ) demonstrating a robust increase in rates of muscle collagen synthesis following exercise suggests that enhanced muscle collagen synthesis is a positive physiological adaptation to exercise. Furthermore, in a second human study , administration of growth hormone resulted in a substantial upregulation of collagen at the mRNA level, a finding that is especially relevant for aging given the dramatic age-associated decline in circulating levels of growth hormone (Corpas et al., 1993) . When the animal and human data are taken together, it appears that exercise acts as a positive regulatory stimulus on muscle ECM synthesis. In addition, growth hormone, as one example of a hormonal stimulant, is especially potent. However, the extent of degradation and cross-linking of muscle collagen is equally important in drawing conclusions as to the optimum quantity and quality of muscle ECM components in the elderly.
Collagen degradation
Very few studies have attempted to study both synthesis and degradation, making it difficult to draw any conclusions regarding net gain or loss of collagen with aging. Mohan and Radha (1980) showed that the collagen of skeletal muscle of old animals is less susceptible to collagen-degrading enzymes when compared with young, and that the activity of these enzymes decreases with age. Another animal study (Mays et al., 1991) demonstrated that the proportion of degraded collagen was unchanged with aging, whereas a human study (Babraj et al., 2005) proposed an increase in collagen degradation because of a combined increase in collagen synthesis and unchanged collagen concentration. In a comparison of old and young rat soleus muscle, the most remarkable findings pertained to genes known to have a biological role in the ECM and cell adhesion (Pattison et al., 2003) . It was speculated that the down-regulation of these genes in the old rats was more related to the lower activity levels, and that any accumulation of ECM with age is likely to be a result of reduced degradation rather than increased synthesis (Pattison et al., 2003) . At a cellular level, it has recently been described that metalloproteinases from fibroblasts are regulated by proteins in the ECM, while gelatinases from myoblasts are regulated by mechanical deformation (Cha & Purslow, 2010) . Together, this information suggests that altered exposure to mechanical loading is an important regulating factor in age-related changes in collagen-degradation processes.
Cross-linking
Various animal studies (Palokangas et al., 1992; Zimmerman et al., 1993; Rodrigues et al., 1996; Gosselin et al., 1998) have shown that enzymatically mediated collagen cross-linking in muscle increases with aging, and that physical exercise training seems to reduce the level of these cross-links in old animals (Zimmerman et al., 1993; Gosselin et al., 1998) . This suggests that maintaining a low level of collagen cross-linking is beneficial regarding muscle mechanical properties in the elderly, and that this can be accomplished with exercise. In contrast to the findings in the animal studies, two human studies by Haus et al. (2007) and by Takahashi et al. (1995) have demonstrated that enzymatically mediated muscle collagen cross-linking is unchanged with aging, while AGE cross-links on the other hand demonstrate an increase with aging. The accumulation of AGE cross-links with aging can be explained by the longer exposure time of protein residues to glucose, which increases the chances of AGE cross-link formation. Inhibition of the glycation process is currently the subject of intense research (Bailey, 2001) . The enzymatically mediated collagen cross-links may not be as important for the deterioration in muscle mechanical properties with aging as first estimated, but this cannot be ruled out entirely. The discrepancy between the human studies and the animal studies might again be a result of the different portions of muscle studied. Taken together, the accumulation of the cross-linking components could contribute to the increased stiffening seen with aging. Stiffening of the ECM could have a substantial effect on the impairment in force generated by the contracting muscle fibers (Bailey, 2001) . While the respective roles of enzymatically mediated collagen cross-links and AGE collagen cross-links in aging skeletal muscle remain to be clarified, it appears that the accumulation of AGE cross-links in particular has the potential to exert a negative influence on skeletal muscle mechanical properties. It will be interesting to follow the outcome of future studies investigating the ability of exercise training to attenuate this accumulation in aging muscle.
Cellular changes in ECM of aging skeletal muscle
Other factors of importance include changes in mechanotransduction, satellite cell function, interactions between cells in the ECM, and modulators of the ECM.
ECM signaling to cells
The highly organized network of proteins making up the ECM of skeletal muscle not only performs a vital role in the transmission of force but also serves as an initiator of many signaling pathways in the multitude of cell types residing in the ECM. Exactly how communication between these elements occurs has been closely studied Skeletal muscle ECM and aging (Wang et al., 2009 ). Receptors on cell surface membranes, such as cadherins and integrins, are the contacts through which signals are conducted from the surrounding ECM to the cell nucleus. In this way, fibroblasts, for example, on registration of force from a muscle contraction, conduct the mechanical signals from the cell membrane to the nucleus. Depending on which receptor and pathway are activated, gene expression could be altered to increase or decrease production of collagen or other proteins. In light of this, it can be speculated that any changes in the concentration or type of cell surface receptors with aging would influence the cell's sensitivity to mechanical signals and the efficiency with which these signals are transferred to the nucleus. Ramaswamy et al. (2011) have recently described increased expression of beta1 integrin, but the information about changes in ECM signaling to cells with aging is still sparse. A few studies investigating signaling between ECM and satellite cells are discussed below.
Satellite cells
The influence of age on ligand density has been shown for the satellite cell, another major resident cell type in direct contact with the ECM of skeletal muscle. Activation of satellite cells is essential for successful muscle regeneration, and one of the few satellite cell activating pathways studied in the context of aging is the DeltaNotch pathway. Carlson et al. (2009) has shown that skeletal muscle from men in the eighth decade contains lower levels of the Notch ligand Delta, and correspondingly lower levels of active Notch, when compared with the skeletal muscle of men in the third decade. A further role for cell-ECM interactions in the context of satellite cells in an aging muscle is in renewal of the satellite cell population. It has been proposed that the asymmetric distribution of receptors present on the myofiber and basement membrane sides of the satellite cell envelope exert opposing signals, which become especially relevant under cell division such that the daughter cell in contact with the basal lamina remains as a satellite cell (replenishing the cell pool) while the daughter cell in contact with the host myofiber differentiates and is incorporated into the host fiber as a new myonucleus (Kuang et al., 2008) . Thus, because satellite cells are crucial for muscle regeneration, it appears that the cell niche can not only strongly influence the activation of satellite cells (e.g. via Delta-Notch signaling) but also play a major role in determining the myogenic reserve of a muscle by influencing cell renewal. As an example of a specific muscle ECM component influencing skeletal muscle, Marfan's syndrome is worth examining. This is a connective tissue disorder arising out of fibillin-1 deficiency and is associated with skeletal muscle weakness and an inability to improve muscle mass with physical exercise. Mutations in fibrillin-1 in mice lead to heightened levels of muscle transforming growth factor (TGF)-beta signaling, which appears to exert an inhibitory effect on muscle regeneration following injury (Cohn et al., 2007) , possibly through the negative regulatory effects of TGF-beta on satellite cells (Carlson et al., 2009) . Blocking TGF-beta improved muscle morphology and enhanced muscle regeneration (Cohn et al., 2007) , highlighting the importance of the release and regulation of cytokines, such as TGF-beta, by the ECM.
Inflammatory cells
Other cell types in direct contact with ECM in skeletal muscle include macrophages, endothelial cells, pericytes, and adipocytes. Macrophages play an important role in muscle regeneration by removing damaged material and interacting with satellite cells, encouraging their activation and providing protection from apoptosis (Sonnet et al., 2006) . Furthermore, it has been suggested that the different cell populations of muscle ECM are not randomly situated in relation to each other (Christov et al., 2007) , and that they actively interact with each other to optimize regeneration (Abou-Khalil et al., 2010) . Positioning and movement of cells in the ECM appears thus to be vital for cells to receive and dispatch signals. This aspect of the ECM has not received much attention in the context of aging skeletal muscle. Chemotaxis and migration of macrophages through the ECM requires matrix metalloproteinase (MMP) activity to make a path through the matrix. Alterations in the types of MMP and the relative proportions of their substrates with aging would thus influence muscle regeneration after injury. Indeed, Shavlakadze et al. (2010) reported poorer chemotactic and delayed inflammatory responses for injured muscle of older mice. It should be noted, however, that a very good myogenic response was observed to follow this delayed inflammatory response (Shavlakadze et al., 2010) , underlining that old muscle can regenerate muscle well, albeit at a slower rate.
Matricellular proteins
Most of the components of skeletal muscle ECM promote cell adhesion. There is, however, another group of ECM proteins, known as matricellular proteins, of which tenascin-C deficient (TNC) is a member. In contrast to the adhesion-promoting ECM proteins, the role of tenascin-C deficient is in de-adhesion, the process of disassembly of focal adhesion complexes, which is believed to promote a more favorable environment for cell motility, survival and repair (Murphy-Ullrich, 2001; Fluck et al., 2008) . Tenascin-C deficient has shown to be strongly upregulated at the protein and gene level in heavily loaded human and animal muscle (Fluck et al., 2000; Crameri et al., 2007; Mikkelsen et al., 2009; Mackey et al., 2011) and around atrophying type II fibers (Schoser et al., 1999) . Fluck et al. (2008) further showed that TNC-deficient mice demonstrate an accentuated atrophy of type II fibers, underlining the importance of this ECM protein in maintenance of muscle with aging and repair after injury. In this respect, modulation of the ECM plays an important role in regulation of aging skeletal muscle through cell-matrix interactions.
Functional changes in skeletal muscle and its ECM with aging
The functional changes in skeletal muscle ECM have been studied not only regarding stiffness but also regarding active tension, isometric force, power, and lateral transmission of force.
Stiffness, active tension, isometric force, and power Several animal studies (Alnaqeeb et al., 1984; Kovanen & Suominen, 1988; Rodrigues et al., 1996; Gosselin et al., 1998; Gao et al., 2008) have shown that the stiffness of skeletal muscle increases throughout life. Gao et al. (2008) specifically found a stiffening of the epimysium in particular. Alnaqeeb et al. (1984) found that older muscles showed a greater decline in active tension with aging, and Haus et al. (2007) described reductions in peak isometric force and peak power. While it is difficult to isolate the effect of the different changes of the skeletal muscle ECM on these functional changes, Alnaqeeb et al. (1984) found that the increase in stiffness correlated with the increase in collagen concentration, suggesting a positive relationship. Both Zimmerman et al. (1993) and Gosselin et al. (1998) showed increased stiffness and increased collagen cross-linking with aging. Haus et al. (2007) tentatively concluded that AGE cross-links might be the biggest contributor to the deterioration in muscle mechanical properties with aging. Overall, it appears likely that the changes in skeletal muscle ECM contribute to deterioration in function of the aging muscle, but the relative contributions of the various changes are difficult to identify from present knowledge.
Lateral transmission of force
A recently published study has demonstrated changes in the lateral transmission of force with aging (Ramaswamy et al., 2011). They studied both longitudinal and lateral force transmission in young rats (3 months of age), old rats (30-33 months of age), and very old rats (36-38 months of age). The lateral transmission of force was decreased in old rats compared with young rats and in very old rats compared with old rats (Ramaswamy et al., 2011) . The lateral transmission of force has been proposed to protect the skeletal muscle fibers against contractile damage and to be important for the subsequent healing (Bloch & Gonzales-Serratos, 2003) . A decrease in the lateral transmission of force could thus contribute to the increased vulnerability to injury and to the slower healing after muscle damage seen with aging. Ramaswamy et al. (2011) found that the same loss of lateral force transmission in mdx mice and furthermore demonstrated an acquired loss of dystrophin expression and a thickening of the basal lamina in very old rats. This suggests that the impaired lateral force transmission and possible deterioration in muscle mechanical properties could be a result of changes in the interaction between the skeletal muscle fibers and the skeletal muscle ECM with aging.
Conclusion
The ECM of skeletal muscle is critical for both force transmission and the passive elastic response of skeletal muscle. The literature suggests that muscle ECM changes with age, and that the changes in skeletal muscle ECM contribute to the deterioration in muscle mechanical properties observed with aging (Fig. 1) . The results can be difficult to interpret as studies diverge, but it is clear that more human studies are needed on the topic to draw conclusions about the relationship between Fig. 1 . Illustration of the changes in skeletal muscle extracellular matrix with aging. Structural, biochemical, and cellular changes contributing to the increased muscle stiffness and loss of muscle function with aging. Collagen concentration and the enzymatically mediated collagen cross-links seem to increase, and AGE cross-links appear to build up as a possible consequence of decreased collagen degradation. Changes in the amount of collagen and the relative proportions of different collagen subtypes, for example, type I and type III may also occur with aging. Furthermore, there seems to be an altered mechanotransduction, a poorer activation of satellite cells, poorer chemotactic and delayed inflammatory responses, and a change in modulators of the extracellular matrix.
age-associated changes in muscle ECM and the decline in the quality of muscle mechanical properties in the elderly. Furthermore, the potential of preventive measures, such as exercise training, to counteract these unfavorable changes represents an unexplored area of research, which may provide important insight into the progression of sarcopenia.
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